Background: Data on the longitudinal association of walking pace with the risk of cognitive decline and dementia are inconsistent and inconclusive. Therefore, researchers conducted a meta-analysis of prospective cohort studies to quantitatively assess the association of walking pace with the risk of cognitive decline and dementia among elderly populations. Methods: Eligible studies were searched in PubMed and EMBASE through April 22, 2016. Additional information was retrieved through Google Scholar or hand review of the reference lists from the relevant studies. Prospective cohort studies were included if they reported relative risk (RR) and the corresponding 95% confidence interval (CI) of cognitive decline or dementia in relation to walking pace. Results: Seventeen studies were identified, including 10 studies reporting the RR of cognitive decline (9,949 participants and 2,547 events) and 10 presenting the RR of dementia (14,140 participants and 1,903 events). Comparing the lowest to the highest category of walking pace, the pooled RR was 1.89 (95% CI = 1.54-2.31) for cognitive decline and 1.66 (95% CI = 1.43-1.92) for dementia. With every 1 dm/s (360 m/h) decrement in walking pace, the risk of dementia was increased by 13% (RR = 1.13; 95% CI = 1.08-1.18). Conclusions: This meta-analysis provides accumulated evidence supporting that slow or decreased walking pace is significantly associated with elevated risk of cognitive decline and dementia in elderly populations.
Cognitive decline and dementia are common outcomes of aging that considerably affect the quality of life for the elderly people. In addition to increasing the cost of health care, cognitive decline and dementia may generate enormous physical and emotional pressure for the patient's family. Because there are currently no cures for these health disorders, identifying risk factors and/or early indicators will be of substantial benefit to the patient, family, and society.
Gait variables have been considered important factors related to mental health among elderly people. In the past decade, numerous studies aimed to assess the associations between gait variables and cognitive decline or dementia; some (1-4), but not all, studies (5-8) reported significant associations. Walking pace, as a measure that has easier application and interpretation than other gait parameters (eg, stride length variability and stride time variability), has drawn researchers' and public health professionals' attention. Although previous qualitative systematic review suggested an inverse association between walking pace and cognitive dysfunction (9) (10) (11) , the magnitude of the association and the dose-response relationship have not been systematically investigated and remain unclear. Therefore, we aimed to quantitatively summarize the up-to-date literature examining the overall association and the dose-response relationship between walking pace and the risk of cognitive decline and dementia in elderly populations.
Materials and Methods

Search Strategy
This study attempted to follow the criteria of "Meta-analyses of Observational Studies in Epidemiology guidelines" (12) . The relevant prospective cohort studies published in the English language and reporting the associations between walking pace and the risk of cognitive decline or dementia were identified by searching the PubMed and EMBASE through April 22, 2016, using the terms "walking speed," "gait speed," "walking," "gait" cross-referenced to "cognition disorders," "cognitive decline," "mild cognitive impairment," "dementia," "Alzheimer's disease," "Lewy bodies," or "Frontal lobe". In addition, Google Scholar using the same key words and the reference lists of identified studies were searched for additional citations.
Study Selection
Two reviewers (M.Q. and P.X.) independently reviewed the literature and identified all relevant studies. Disagreements were resolved by group discussion with a third reviewer (K.H.). Original studies were included if they met all the following criteria:
(1) Prospective cohort study design; (2) relative risk (RR) estimates of cognitive decline (with a specific definition for cognitive decline) or dementia in relation to walking pace and the corresponding 95% confidence interval (CI) or p value were reported, or such information could be derived from the published results; and (3) published in the English language.
We retrieved 403 studies from PubMed and EMBASE, and 391 of them were excluded due to one of the following reasons (Supplementary Figure 1) : (1) not published in English; (2) not original studies; (3) did not include walking pace as exposure or cognitive decline or dementia as the outcome of interest; (4) did not report the association of interest; and (5) not the most recent publications. Five additional studies were identified through Google Scholar or the reference lists of the relevant studies. In sum, a total of 17 studies were identified.
Assessment of Study Quality
The quality of included studies was assessed based on the guidelines developed by the U.S. Preventive Task Force as well as the modified checklist used in the previous studies (13, 14) . Specifically, the following criteria were used to evaluate the quality of the study: (1) adjustment for potential confounders (ie, at least considered four factors: age, sex, education, and baseline cognitive function test scores); (2) information on loss of follow-up rate; (3) outcome ascertainment blind to exposure status; (4) clear and proper definition of exposure and outcome of interest; (5) temporality (ie, walking pace prior to outcome ascertainment); and (6) at least 5-year follow-up. Studies were graded as good quality if they met 5-6 criteria; fair if met 2-4; and poor if met <2 criteria. According to the criteria, 13 and 4 studies were considered good and fair quality, respectively.
Data Extraction
Information was extracted independently by two investigators (M.Q. and P.X.). Discrepancies were resolved by discussion with the third investigator (K.H.). We extracted the following information from each included study: the first author's last name, publication year, study name (if available), country where the study was conducted, number of events/participants, age at baseline, proportion of male participants, length of follow-up, outcome ascertainment method, exposure measurement method, categories of walking pace (if available), and covariates in the final model.
Statistical Analysis
The RR and corresponding 95% CI extracted from each individual study were transformed to natural logarithms (ln) for stabilizing the variances, normalizing their distribution, and calculating its standard error. Hazard ratio and odds ratio were considered to be equivalent to RR as general measures of risk in this meta-analysis. The overall associations between walking pace and the risk of cognitive decline and dementia were expressed as weighted RRs using a random effects model, comparing the lowest with the highest category of walking pace. For the dose-response relationship estimate, all units from available studies were standardized into decimeter per second (dm/s). Subgroup analyses were conducted by geographic region, follow-up duration, study sample sizes, outcome assessment or definition, study quality, and dementia subtype to examine the effect modification.
Statistical heterogeneity was examined using the I 2 statistic along with Cochran's Q test. None, low, moderate, and high degrees of heterogeneity were defined as <25%, 25%-<50%, 50%-<75%, and ≥75%, respectively. Publication bias was assessed using Egger's regression asymmetry test (if the number of studies ≥3) or Begg's adjusted rank correlation test (when the number of studies <3). Two sensitivity analyses were performed to test the robustness of the results: (1) replacing a random effects model with a fixed effects model and (2) removing one primary study from the pooled analysis each time.
All analyses were conducted using STATA statistical software (version 13.1; STATA Corporation LP, College Station, TX). A twosided p value ≤0.05 was considered statistically significant.
Results
Study Characteristics
A total of 17 prospective cohort studies (1) (2) (3) (4) (5) (6) (7) (8) (15) (16) (17) (18) (19) (20) (21) (22) (23) were included. Of them, 12 studies were conducted in the United States (2) (3) (4) (5) (6) (7) (8) 15, 16, 18, 22, 23) , and the rest of the studies were conducted in Italy (17) , Sweden (19) , China (20) , Japan (21) , and Israel (1). The sample size ranged from 108 (2) to 2,776 (22) and the follow-up period ranged from 2 (1) to 11 (23) years. All studies except two (5,8) included both genders. The quality assessment indicated that the included studies generally had good or fair quality.
Seven studies reported results on cognitive decline, seven on dementia, and other three studies reported results on both. Of the 10 studies with data on cognitive decline, including 9,949 participants and 2,547 events (Supplementary Table 1 ), 7 presented categorical association and 3 reported linear relationship. Similarly, 10 studies with data on dementia were comprised of 14,140 participants and 1,903 events (Supplementary Table 2 ). Of them, seven examined categorical association and three assessed linear relationship.
Walking Pace and the Risk of Cognitive Decline
Walking pace was inversely associated with the risk of cognitive decline. Comparing the lowest with the highest level of walking pace, the risk of cognitive decline was increased by 89% (pooled RR = 1.89; 95% CI = 1.54-2.31; Figure 1 ). The heterogeneity was marginally significant among primary studies (I 2 = 44.6%, p = 0.08). Also, marginally significant publication bias was observed (Egger's test, p = .06). No significant linear relationship between walking pace and the risk of cognitive decline was observed (RR = 1.09; 95% CI = 0.96-1.23).
Walking Pace and the Risk of Dementia
The pooled RR indicated that individuals with slow walking pace had a significantly higher risk of dementia as compared with those who had relatively fast walking pace (RR = 1.66; 95% CI = 1.43-1.92; Figure 2) . No substantial heterogeneity (I 2 = 9.4%, p = .36) and publication bias (Egger's test, p = .69) were observed.
According to available data from three studies, a significant dose-response relationship was found (RR = 1.13; 95% CI = 1.08-1.18, with every 1 dm/s decrement in walking pace). Heterogeneity (I 2 = 5.0%, p = .35) and publication bias (Egger's test, p = .23) were not evident.
Subgroup and Sensitivity Analyses
Comparing the lowest with the highest category of walking pace, the inverse associations between walking pace and risk of cognitive decline and dementia were not materially modified by geographic region (United States, Europe, or Asia), follow-up period (above or below the average [5.8 years for cognitive decline and 6.9 years for dementia]), study sample size (above or below the average [1,185 for cognitive decline and 1,701 for dementia]), cognitive function assessment method (Mini-Mental State Examination or others), definition of cognitive decline (MiniMental State Examination decrease ≥4 or others), study quality assessment (good or fair), and dementia subtype (Alzheimer's disease, vascular dementia or non-Alzheimer's disease dementia; Supplementary Table 3) .
Similarly, the inverse linear association between walking pace and the risk of dementia was not appreciably modified by geographic region, study sample size, and dementia subtype (Supplementary Table 3 ).
To test the robustness of our results, we replaced a random effects model with a fixed effects model. Although most of the results remained, the pooled linear association between walking pace and cognitive decline changed from statistically nonsignificant (RR = 1.09, 95% CI = 0.96-1.23) to significant (RR = 1.05, 95% CI = 1.01-1.10). Further analyses examining the influence of single study on the pooled associations were performed by removing one primary study from the meta-analysis each time. No single study substantially affected the overall estimates.
Discussion
This meta-analysis quantitatively accumulated evidence from longitudinal studies suggesting that walking pace was inversely associated with the risk of cognitive decline and dementia in elderly populations. These inverse associations seemingly persisted across different geographic areas, follow-up periods, sample size, cognitive function assessment methods, definition of cognitive decline, primary study quality, and subtypes of dementia.
Findings from this meta-analysis are supported by three previous systematic reviews. One review (10) focusing on the associations between objective measures of physical capability and health end points concluded that people with slow walking pace had a higher risk of cognitive dysfunction based only on two prospective cohort studies. Similarly, another review suggested that walking pace might be able to predict the occurrence of dementia among elderly population using data from seven studies (9) . This rationale has been further supported by a recent review (11) . Of note, all previous reviews are narrative reviews. The present meta-analysis provides additional information to the literature by quantitatively estimating both categorical association and dose-response relationship between walking pace and cognitive decline and/or dementia with data from 17 prospective cohort studies.
Several strengths of this study deserve to be highlighted. First, to the best of our knowledge, this is the first study to quantitatively assess the overall association between walking pace and the risk of cognitive decline and dementia. Second, all the included studies are prospective cohort studies that eliminate some potential biases such as recall bias. Third, our conclusions are strengthened by the consistent findings from both categorical and linear analyses.
Some limitations also need to be considered. First, the definition and assessment of cognitive decline, as well as the categorization of walking pace vary across studies, may result in misclassification bias. Nevertheless, our stratified analysis does not find material modification effects by the assessment method of cognitive function. Also, sensitivity analysis does not suggest any single study appreciably affects the combined associations of interest. Second, a potential publication bias caused by excluding studies published in other languages cannot be completely ruled out, though statistical tests do not suggest publication bias in the present meta-analysis. Third, there are not enough studies that enable us to examine the potential modification effects of sex and race on the associations of interest. However, this meta-analysis has combined the findings from the most comprehensive and up-to-date literature.
Potential Mechanisms
A body of evidence suggests that walking pace is significantly associated with muscle strength (24) (25) (26) , and muscle loss is highly correlated with inflammation, oxidative stress, and sex corticosteroid levels (27, 28) , which have been linked to cognitive dysfunction (29, 30) . Also, observational studies (31, 32) and randomized controlled trials (33) indicate that gait is considered not only as automatic activity but also as the activity that requires a seamless coordination of several neurologic systems including motor, sensory, and cerebellar activities. Consequently, walking pace can be an indicator of current cognitive function that is associated with future cognitive function.
Because of the prospective cohort study design, the participants at baseline had no diagnosed dementia or cognitive decline. However, those who had slow walking pace might have had some preclinical conditions that may put them at high risk of cognitive dysfunction and lead to dementia or cognitive decline later in life. In addition, slow walking pace as a component of poor physical performance may contribute to physical inactivity and, consequently, increase the risk of cognitive decline or dementia. For example, studies suggest that physical inactivity is independently positively associated with cognitive decline (34) . Conversely, physical activity can increase the levels of brainderived neurotrophic factor and insulin like growth factor 1, which may lead to enhance or maintain cognition through the life span (35) .
Conclusions
In conclusion, this meta-analysis of longitudinal studies accumulates evidence supporting that slow or decreased walking pace is significantly associated with the risks of cognitive decline and dementia among elderly populations. In light of its characteristics of safety, costeffectiveness, and ease to test and interpret, walking pace may be an effective indicator of the development of cognitive decline and dementia in elderly people. Since a randomized clinical trial on walking pace and cognitive function may not be feasible due to practical considerations, future well-designed, large-scale, prospective cohort studies are needed to determine the age-, sex-, and population-specified cutoff values for walking pace, in order to enhance the effectiveness and efficiency of this early indicator of cognitive decline and dementia.
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